Dry adhesives containing nonuniform arrays of fibrils were tested for the uniformity of their adhesion strength. These arrays were comprised of fibrils with nanometer scale dimensions and lengths tuned from 150 to 1500 nm. Surfaces of the fibrils were rendered hydrophobic through a vapour phase deposition of silane molecules in order to further tune the adhesion strength of the fibrillar structure. Adhesion force measurements over micrometer length scales were obtained using a tipless cantilever controlled by a scanning probe microscope. Maps of the adhesion forces depicted diverse variations in adhesion strength with the nonuniform lateral changes in topography. Through an extensive data analysis, differences observed between samples were correlated to changes in processing conditions and surface chemistry modifications. The methods demonstrated in this paper are useful for identifying variations in the adhesion strength of dry adhesives made of nonuniform arrays of fibrils. These advancements are crucial for understanding the correlation between structure and function within nonuniform fibrillar adhesives.
Introduction
Reversible adhesives are ubiquitous in our everyday lives. We use sticky pads and tape in the office, laboratory, and home, but similar adhesives are also common to the living world around us. In the animal kingdom, the Reptilia and Insecta classes contain many species that use reversible adhesives to survive. Examples that are being studied for this property include spiders, beetles, flies, and geckos [1] [2] [3] . An increasing emphasis has been placed on the design of materials that mimic these biological species in the use of reversible adhesives [4] [5] [6] [7] [8] [9] [10] . It is envisioned that we can harness this same property for our own needs, extending beyond our traditional knowledge of how we use adhesives. New adhesive materials are envisioned that include other desirable properties, such as reusability [10] [11] [12] [13] , and even self-cleaning [14] [15] [16] [17] .
These adhesives could find applications in autonomous movers (e.g., independent robots) [18] [19] [20] and mission-specific robots for space [21] [22] . Before man-made reusable adhesives can be used in these applications, we need to be able to appropriately characterize and, if necessary, modify the properties of these biomimetic adhesives. Here we aim to further understand the uniformity of adhesive properties for a material containing nonuniform arrays of fibrils with nanometer scale diameters, as well as the correlation of these properties to their surface modifications.
Biomimetic adhesives have taken on a number of different forms. Many of these adhesives are based on surfaces containing a variety of shapes, sizes and chemical compositions. One of the most commonly pursued shapes is an array of fiber-like posts defined by either photolithographic or molding techniques [4, [23] [24] . These fibrils are reminiscent of those used by the animals from which this field draws inspiration for pursuit of a reusable adhesive. Like their biological counterparts, fabricated arrays of fibrils should be flexible and have an appropriate aspect ratio to conform to various surface morphologies. These features are also important for increasing the area of contact, and thus the adhesion interactions, at the interface between the fibrils and the opposing surface. Relevant adhesion interactions include van der Waals forces, capillary forces, friction forces, and electrostatic forces [4, 10, [25] [26] [27] . In addition, the process to fabricate the dry adhesive should be simple to perform and compatible with attaching fibrils onto a variety of materials.
A method developed in one of our laboratories [28] can produce arrays of polymer based fibrils of varying aspect ratio and density. These fibrils are fabricated from a polymer containing bisphenol-A based oligomers with cross-linked epoxy groups, otherwise referred to as SU-8 [29] .
This polymer is attractive for its ease of processing. The precursor to the SU-8 polymer can be easily cast onto a variety of surfaces, and processed at relatively low temperatures. The SU-8 polymer also adheres to a wide range of materials [30] [31] . It is, therefore, possible to adopt this process of fabricating arrays of fibrils to a variety of substrates and applications. Adhesion force measurements are required in order to assess the appropriateness of these fibrils for use as a dry adhesive.
The forces of adhesion between two surfaces can be measured by a number of methods. These methods include the use of balances that measure weight or various cantilevers controlled by a scanning probe microscope [4] . Each of these methods can be chosen for its appropriateness to the questions being asked and the information that is desired from the force measurement. Some types of measurements probe the collective adhesion force of fibrils over macroscopic length scales [32] [33] . Other methods investigate the normal pull-off or peel-off forces of adhesion [8, [34] [35] [36] , while others methods measure the shear or friction forces of fibrillar surfaces [37] [38] .
Here we are interested in measuring the uniformity of pull-off adhesion forces for the arrays of SU-8 based fibrils. Each of these fabricated arrays can vary in density of fibrils, as well as the roughness of the polymer surface supporting these fibrils. These features may vary on the length scale of a few hundred nanometers to a few micrometers. An appropriate measurement technique is required to measure adhesion forces over the same length scales.
Investigating the uniformity of adhesion forces over the micrometer and sub-micrometer length scales requires the use of a scanning probe microscope. A tipless cantilever has been used for measuring adhesion forces of various fibrillar surfaces [7, [39] [40] . We adapted this technique for measuring the adhesion forces of our SU-8 based fibrils. Integrating these measurements with the capability of the scanning probe microscope to control fine vertical and horizontal movements of the tipless cantilever, we mapped out variations in the adhesion force across these surfaces. Much can be learned from correlating changes in adhesion strength to variations in surface features and process conditions used in the fabrication of the polymer fibrils. The use of the tipless cantilever with a scanning probe microscope is also appropriate for testing the uniformity of surface modifications to the polymer fibrils.
We pursued modification of the surface chemistry of the fibrils in an attempt to increase the preferable interactions between the tipless cantilever and the polymer surfaces. One of our goals was to increase the hydrophobic interactions between the cantilever and the high aspect ratio fibrils. Some previous work has been pursued in the surface modification of fibrillar structures [7, [41] [42] . We introduced a vapor of reactive alkyl-terminated silane molecules to coat the structured surfaces. The uniformity of the adhesion forces arising from these surface modifications was assessed by probing the surface with the tipless cantilever. In part, we pursued this work in order to gain an understanding of the importance of various processing conditions on the adhesion forces. The ultimate aim though is to correlate the observed variations in topographic structures for nonuniform arrays of fibrils to their measured adhesive function through an appropriate data analysis. Only through this structure-to-function correlation can we assess our fibrils as an adhesive material, as well as to obtain guidance for future developments of reversible adhesives.
Experimental Section
Making Fibrillar Arrays. The fibrillar structures were created following a previously developed recipe [28] . These polymer fibrils were fabricated from a patterned film of SU-8 supported on Au/Cr coated silicon wafers. This SU-8 is a negative photoresist purchased from MicroChem Corporation (www.microchem.com). The patterned films of SU-8 were developed with propylene glycol monomethyl ether acetate. After developing, the patterns were washed with isopropanol and dried with N 2 gas. Square pads of cross-linked SU-8 polymer were created that measured 1000 µm x 1000 µm with 500 µm spacing between each of the pads (Fig. 1A) .
Processed wafers containing arrays of the SU-8 pads were cut into 1 cm x 1 cm chips using a wafer saw. Each chip was handled from a specifically marked side in order to consistently avoid damage to the surfaces by the tweezers.
Fibrils were etched into the SU-8 polymer using a reactive ion etch (RIE) process. The silicon chips containing the SU-8 pads were placed within an Axic (Santa Clara, CA, USA) Benchmark 800 RIE system. The polymer was etched at 80 mTorr pressure with 5 standard cubic centimeters (sccm) of CF 4 and 15 sccm of O 2 at a power of 100 W. During the RIE process, gold nanoparticles were created from etching of the exposed Au film, which subsequently deposited onto the top surface of the SU-8 film. The presence of these gold particles was confirmed by Xray photoelectron spectroscopy (XPS) using a Kratos (Manchester, UK) Analytical Axis ULTRA DLD system with a monochromatic aluminum source (Al Kα, emission line at 1486.6 eV) operating at 72 W. Aliphatic carbons (C1s) on the SU-8 were used as an internal calibration peak, which was adjusted to 284.5 eV. Both Au4f (88.0 eV) and Au4d (335.5 and 353.0 eV) peaks were present in XPS spectra obtained from the etched SU-8 pads. The gold particles masked the polymer film during the reactive ion etch process. This masking process produced fibrils under the nanoparticles. Longer etch times increased the aspect ratio of these fibrils. In addition, the RIE process conditions during the etch step can be further tuned to alter the morphology and density of the fibrils [28] . The time durations used for ion etching were 5, 10, 20, and 30 min. Samples were imaged using a Zeiss (Vancouver, Canada) Axio Imager M1m optical microscope, as well as with both FEI (Oregon, USA) Strata DB-235 and Raith (New York, USA) e_LiNE 150 scanning electron microscopes. In order to improve imaging resolution, etched samples were coated with 10 nm gold by plasma assisted deposition prior to SEM imaging to minimize the effects of surface charging. Samples coated with this relatively thick layer of gold were not used for further measurements as the process of gold coating might have altered the adhesion forces of the fibrils.
Modifying the Surfaces of Fibrillar Arrays.
Samples coated with silane molecules were prepared by either of the following two methods. In the first procedure, samples were immersed in water prior to deposition of the silane molecules. In the second method, the samples were directly coated with silane molecules without immersion in water. The deposited silane was an octadecyltrichlorosilane (90+% purity; Aldrich Chemical Company). Prior to the vapor phase deposition of this silane, the samples were treated with an air-based plasma oxidation process using a Harrick plasma cleaner (PDC-001; New York, USA) with pressure between 0.055 and 0.300 Torr and a power of 10.2 W for 60s. For the water-based silane deposition process, the samples were immersed in 18 MΩ·cm water for 1 h, dried under a stream of N 2 gas, placed in a vacuum desiccator for 1 h for further drying, and then coated with silane molecules within a vacuum chamber. A small vial of the silane molecules was placed into the vacuum chamber and the chamber was evacuated for 18 min. Samples were kept in this chamber for up to 20 h to assure a complete coating with silane molecules. For the alternative silane coating process where direct contact with water was avoided, the samples were immediately transferred from the plasma chamber to the vacuum chamber for silane deposition.
Measuring the Adhesion Forces of Fibrillar Arrays. The adhesion force measurements were acquired using silicon nitride probes (NP-O10; Veeco Instruments, Plainview, NY, USA). These atomic force microscope (AFM) probes contained four different tipless cantilevers, each with a different spring constant. The cantilever selected for these adhesion force measurements was the "C triangular" cantilever. Each new tipless cantilever was calibrated by performing a single force curve and determining the spring constant using an AFM. The positioning of these cantilevers over the samples was finely controlled by an Asylum Research atomic force microscope (MFP3D-SA; Santa Barbara, CA, USA). Load-displacement curves were obtained for each force measurement with the following parameters: i) loading distance into the sample of 1 m; and ii) speed of approaching and withdrawal to and from the sample of 1 m/s. These parameters for the force measurements were optimized for our samples through a serial analysis of different load distances and withdrawal/approach speeds. The AFM was used to also calibrate each cantilever, verifying that the chosen tipless cantilever had a resonance frequency of ~60 kHz and a spring constant of ~320 nN/m. From these plots we obtained the adhesion forces normal to the surface.
During each measurement the cantilever was held in contact with the surface for 1 s before retraction. The maximum load on retraction was measured as the adhesion force. A total of 4800 force measurements were obtained for each sample. These data were collected from a combination of measurements on pads, selected at random, which were located near the edge and towards the middle of the substrate. In addition, within each SU-8 pad the adhesion force measurements were taken from three random locations. At each of these locations within a pad, measurements were acquired from an array of 400 independent positions within a square array with ~1 m lateral movements of the cantilever between each position. This large number of measurements was essential for a proper analysis of the data and to conclusively determine the adhesion forces, and trends therein, for these nonuniform arrays of fibrils.
Measuring the Water Contact Angles of Fibrillar Arrays. Water contact angle measurements were performed to confirm the modification of the fibrils with silane molecules.
Static water contact angle measurements were performed at room temperature using a digital AST Optima (Billerica, MA, USA) contact angle system equipped with a horizontal light beam.
Droplets of 18 MΩ•cm water (averaging 2.0±0.3 L per droplet) were dispensed onto the substrates. In addition, at least four different positions-each chosen randomly-were analyzed for the substrates prepared by ion etching for 5 min and compared to the similar substrates coated with silane molecules.
Results and Discussion
We fabricated polymer fibrils using a directional ion etch of an SU-8 polymer film as described in the previous section. This process created hair-like features on the surface of the polymer (Fig.   1 ). For comparison, Figure 1B depicts the featureless polymer surface before etching. The surface of the etched polymer contained a diverse range of topographic features including both fibrils and a roughened terrain (Fig. 1C-1F ). The longer etching times created both longer fibrils and increased depths of the recesses in the polymer. Fibrils used in our studies were ~150 nm (Fig.   1C ), ~500 nm (Fig. 1D ), ~1 m (Fig. 1E) , and ~1.5 m (Fig. 1F ) in length. Each set of fibrils had a similar range of diameters. The higher aspect ratio fibrils were targeted for their anticipated ability to conform more easily to roughened surfaces. Longer etch times that were necessary to produce the high aspect ratio structures also increased clustering of the fibrillar structures. The longer etch conditions might have also hardened the polymer surface as a result of the oxidizing conditions and heating that occurs during the etching process. After this process, the hardened polymer support was covered with a more flexible layer of high aspect ratio fibrils. This diverse surface topography and chemistry is anticipated to produce a wide range of adhesive properties. It is, however, difficult to accurately predict the adhesion of these structures. Empirical methods were pursued to assess the adhesion forces of these nonuniform arrays of fibrillar structures.
Adhesion forces of the fibrils were measured with a tipless cantilever. The cantilever was chosen for its small size and ease of manipulation on a scale proportional to the measurements of interest. Lateral and vertical positioning of the cantilever was accurately controlled using a scanning probe microscope. Adhesion forces were acquired using a direct pull-off method [8, [34] [35] [36] 43] . Test positions were indiscriminately chosen from both the edge and middle of each sample. Measurements were collected in a square array for each test position on a sample. After completing every measurement, the cantilever was moved by 1 m in the lateral direction before we obtained the next adhesion force measurement. Although the area of contact between the cantilever and the surface is much larger than 1 m 2 (est. ≥16 m 2 ), the terrain varies in composition on a sub-micrometer scale. Adhesion forces are measured over an area defined by contact between the tipless cantilever and the fibrillar structures. The nominal dimensions of most cantilevers restrict these measurements to micrometer scale (or larger) contact areas.
Because of these small lateral movements each force measurement was unique from the next one.
These adhesion force measurements were combined into a force map (Fig. 2) . This plot of adhesion force as a function of lateral movement over the sample indicates the diversity of the measured force. The SEM image ( Fig. 2A ) and the force map (Fig. 2B ) of the 10 min etched sample both exhibit lateral variations. Submicrometer scale changes were observed in both the surface topography and chemistry. The force map also shows a lateral dependence for the adhesion forces. The three-dimensional view of the force map (Fig. 2C ) also suggests that there was no clustering or regional trend in adhesion strength over this square array.
Our design of the SU-8 based adhesive pads assisted in determining correlations between the adhesion force and processing conditions. In addition to the fabrication of separate substrates for fibrillar structures with different aspect ratios, we also patterned the polymer pads into a square array (Fig. 1A) . The properties of individual pads were assessed by associating a coordinate to each pad that corresponded to its position within the grid-like pattern. Tracking the region of the substrate corresponding to each measurement was important for determining irregularities within each sample. For example, polymer pads near the edge of the substrate might vary in polymer stiffness, pad thickness, or fibrillar density in comparison to those pads near the middle of the substrate. These variations, if present, could be due to variations in the photolithography process used to create the cross-linked SU-8 films, or nonuniformities in the ion bombardment.
Differences resulting from nonuniform process conditions might also be more pronounced between the middle and edge of an individual pad.
We designed the measurements to expose any variability between pads, as well as within an individual pad. Measurements were taken from an arbitrary collection of pads that were both near the edge and towards the middle of the substrate. In addition, for each adhesive pad tested, measurements were obtained from the edge of the pad, as well as near its center. At least four different pads and three independent regions on each pad were tested for all samples. Figure 2B , no correlation was found between the measured adhesion forces and the various regions of the sample. Although there is measured variability between regions of some samples, these variations are attributed to random discontinuities in the sample that could be due to sample impurities or localized damage during sample processing. This analysis of subsets of data from the adhesion forces measurements enables determination of possible sample variability due to variations in processing conditions.
Changes to the overall adhesion force of a sample as a function of processing conditions were determined by comparing the mean forces, as well as (more importantly) histograms that determine the rate of recurrence for each measured force within a set of data. A noticeable trend was observed for the adhesion force measurements on polymer fibrils with increasing aspect ratio (Fig. 4A ). These histograms (or frequency plots) were derived by counting the frequency of each adhesion force, using 1 nN bins, within a set of data. The flat polymer surface (i.e., 0 min etched polymer samples) had an average adhesion force of 6.2±0.6 nN and a peak adhesion force at ~0.5±0.5 nN. Relatively short fibrils had a lower mean adhesion force, but a peak adhesion force at 1.5±0.5 nN ( Compliance of the fibrils and the increased surface area of contact between these high aspect ratio fibrils and the tipless cantilever lead to an increased adhesion force. Plots for all of the force measurements on these fibrillar samples had a relatively large distribution of frequencies, which is attributed to the diverse range of structures and surface chemistries within these ion etched samples. There is, however, a limit to how much the adhesion of the polymer fibrils can be increased by tuning the aspect ratio. For example, results from the 20 and 30 min etched samples were very similar (Fig. 4A) . Further increases to the adhesion strength of the fibrils must be pursued through further modifications of the polymer surfaces.
Chemical modification of the fibrils is one method for increasing the favorable interactions, and therefore the adhesion strength, of these surfaces. Previously published results suggest that increases in the hydrophobic interactions at an interface can promote adhesion [25, [44] [45] . Many surfaces can be rendered more hydrophobic through simple chemical modifications [46] [47] [48] [49] . Our approach was to use silane chemistry to render the fibrils hydrophobic through covalent attachment of alkane chains to the polymer surfaces. The silane molecules were deposited onto the polymer from the gas phase to produce a molecular coating on the substrate. A wide variety of processing conditions have been reported for preparing surfaces for silane deposition [50] [51] [52] [53] .
An essential component of forming a covalent bond between the surface and the reactive silane molecules is the presence of water. The surface needs to be terminated with hydroxyl groups and/or coated with a thin layer of water to promote hydrolysis of the silane molecules. The hydrolyzed silane molecules condense into a cross-linked network rendering the underlying material hydrophobic. The influence of water on the quality of the silane coated fibrils was tested through two pathways. In both cases the polymer fibrils were prepared for silane deposition by a brief oxidation by air-based plasma, which removes adsorbed surface contaminants and also creates reactive groups on the polymer for anchoring the silane molecules to the surface [49, 54] .
The first approach was to intentionally introduce water onto the sample following the plasma treatment. This sample was removed from the water and dried prior to silane deposition. The second approach was to rely upon the ambient moisture in the air to adsorb onto the fibrils in order to promote hydrolysis of the silane molecules.
The success of depositing a silane coating onto the polymer fibrils was assessed by water contact angle measurements. This measurement is a standard technique used to investigate the ability of alkylsilane molecules to adsorb onto and modify the properties of various surfaces [49, 50, 53] . Hydrophobicity was determined for samples of fibrils prepared by ion etching for 5 min.
The original, non-silane modified samples were relatively hydrophilic with a water contact angle of 49±5°, which is expected for structures created under oxidizing etch conditions. In comparison, the silane coated fibrillar structures were more hydrophobic with water contact angles of 140±7° and 137±2° for the 'wet' and 'dry' processes for silane coating, respectively.
These measurements confirm the presence of a silane coating on the fibrils. The hydrophobic properties of the silane coated fibrillar structures may assist in their ability to repel surface contaminants [55] [56] [57] , but also favorably alter the adhesion forces of these surfaces.
Observed trends in adhesion force depended directly on the conditions of preparing the silane modified polymer fibrils. In comparison to the unmodified flat polymer, the planar surfaces coated with silane molecules (Fig. 4B) had a higher peak adhesion force (15.5 nN). This increase in adhesion is attributed to the hydrophobic effect [41, 44, 58] , and a similar trend should be observed for appropriately modified fibrils. However, introducing water onto the fibrillar structures before silane deposition produced a different result. All of these silane coated fibrils, irrespective of their aspect ratio, had a similar peak adhesion force, which shifted from 2.5 to 3.5 nN between the 5 min and 30 min ion etched samples, respectively. The similarity of these results suggests that the surface chemistry, and possibly the surface topography, were modified in a similar manner. One hypothesis is that the silane modification renders all of these surfaces to be nearly identical. Another possibility is that the processing conditions irreversibly modified the surface, decreasing their adhesive properties. These hypotheses will be discussed further towards the end of this paper.
Coating silane molecules onto surfaces without the intentional introduction of water onto these surfaces produced very different results from the samples that had been directly exposed to water.
The unetched polymer coated with silane molecules by the 'dry' process had a similar peak adhesion force (14 nN) to the substrate produced by the 'wet' process (Fig. 4C) . The peak adhesion forces for the shorter fibrils (i.e., 5 min etched samples) directly coated with silane were similar (3.5 nN) to the peak values observed for the prewetted samples. However, fibrillar structures prepared by etching for 10, 20, and 30 min and coated with silane by the 'dry' process had higher peak adhesion forces (up to 4.5 nN) than the equivalent fibrils in Figure 4B . The treatment of these data sets by observation of the mean and standard deviation alone were insufficient. Further insight into each data set required treating the data as a collective population. Looking for trends in these populations provided further insight into the results from the silane coated fibrils.
We compared each of the 30 min etched polymer samples in further detail to better understand the trends observed in the previous measurements. For each sample (uncoated and silane coated samples) the regularity of each measured adhesion force (in 1 nN increments) was determined from at least 4800 individual measurements. We also investigated any changes in surface topography for each sample by SEM analysis. A summary of the adhesion forces for the original polymer fibrils suggested a non-Gaussian distribution to the data with a peak force at 5.5±0.5 nN (Fig. 5A ). The arrow in this plot indicates the reported mean adhesion force for this set of data.
The non-Gaussian distribution is most likely due to the nonuniform interactions between the tipless cantilever and the dry adhesive material. A major contribution to this nonuniform interaction was the diverse surface topography of the polymer fibrils (Fig. 5B ). Samples wetted with water prior to silane deposition also had a non-Gaussian distribution in the measured adhesion forces. This set of data also shifted towards lower adhesion forces with a peak force at 3.5±0.5 nN (Fig. 5C ). The decrease in both the peak and average adhesion forces can be partially understood from the drastic change in topography for this sample. The SEM analysis (Fig. 5D) suggested the fibrillar structures were deformed from the capillary forces of the water. The SEM image shows a top-down view of the surface with the fibrils mostly collapsed into the recesses of the underlying polymer layer. This collapse most likely reduced the contact between the tipless cantilever and free-standing fibrils, which resulted in a reduction in the overall adhesion strength of these films. In contrast, a peak adhesion force at 6.0±1.5 nN was observed when water was not intentionally introduced onto the fibrillar structures before coating the surfaces with silane molecules (Fig. 5E ). The SEM analysis (Fig. 5F ) suggested that the fibrils rearranged into collective aggregates that remained on the highest points within the uneven topography of the etched polymer substrate. These prominently positioned fibrillar structures, although aggregated, still have a large role in the adhesive interactions with the tipless cantilever. The formation of these aggregates was unexpected. One possible explanation is that the fibrils adsorbed sufficient moisture from the atmosphere to collapse into these aggregated bundles due to capillary forces.
The bundles were subsequently capped with the hydrophobic silane molecules. Further refinements to the silane deposition technique would be necessary to prevent this structural rearrangement of the fibrils.
Surprisingly the rearranged surfaces of silane capped fibrils demonstrated some of the highest adhesion forces from all of our measurements. Although the non-silane coated fibrillar structures (Fig. 5A ) have a peak force similar to those coated with silane by the 'dry' process ( Fig. 5E ), the population averaged adhesion forces for the latter structures (11.6±9.4 nN) was higher than that for non-silane coated polymer fibrils (7.4±4.0 nN). In addition, the nonuniform fibrillar structures have remarkably high adhesion forces considering that these structures have less contact with the tipless cantilever than the unetched polymer films. Adhesion force measurements for the silane capped fibrils (Fig. 5E ) contained a significant number of adhesion forces that were comparable to those measured for the unetched polymer coated with the alkylsilane molecules (0 min etch in
Figs. 4B and 4C). These results suggest that the silane modifications in combination with the residual flexibility of the fibrils are both necessary components for increasing the adhesion strength of these nonuniform dry adhesives.
Conclusion
It is desirable to develop a reusable dry adhesive that can be adopted for use in applications that include bioinspired robots. A key aspect of developing these adhesives is to understand the correlation between structure and function in the biomimetic materials. Many of these materials contain nanometer to micrometer scale features that vary in composition, shape, and size on the same order of magnitude. In this study, a tipless cantilever was adopted to determine correlations between observed variations in both micrometer scale features and their adhesion strengths. A sufficiently large set of adhesion force measurements for these surfaces is important for assessing the uniformity of process conditions used in the initial fabrication, as well as further modifications to a dry adhesive. This approach to evaluating adhesion strengths is essential for nonuniform arrays of fibrils. The uniformity of adhesion strengths was determined for polymerbased fibrillar structures fabricated by a reactive ion etch process. Frequency plots of these adhesion properties were created to compare with variations in both the processing conditions and surface topography. These analyses indicated that within the majority of samples there was no direct correlation between the measured adhesion force and the tested region of the sample.
Analysis of the data suggested a direct correlation between peak (and population averaged) adhesion force and aspect ratio of the fibrillar structures. Furthermore, counting the frequency of each measured adhesion force within a given set of data illustrated how the non-Gaussian adhesion response of the fibrillar structures shifted according to both structural and surface modifications. The results suggest that rendering the fibrillar structures hydrophobic increases the adhesion strengths of these materials. The reported analysis techniques will be essential to monitor further process developments for continuing to improve the adhesion strength of these polymer fibrils. Plots summarizing the number of measurements per adhesion force for three independent samples of the 30 min etched fibrillar structures. The plots, and inset SEM images, correspond to fibrillar structures with (A,B) no silane modification, (C,D) wet processing of the surfaces followed by silane modification, and (E,F) silane coating in the absence of wet processing. The calculated mean adhesion force is indicated by an arrow in each plot.
